A novel electrochemical approach is described for redox-active membrane proteins. A total membrane extract (in the form of vesicles) of Bacillus subtilis is tethered onto gold surfaces modified with cholesterol based thiols. The membrane vesicles remain intact on the surface and do not rupture or fuse to form a planar bilayer. Oxidation/reduction signals are obtained of the natural co-enzyme, menaquinone-7, located in the membrane. The membrane protein, succinate menaquinone oxidoreductase (SQR), remains in the vesicles and is able to reduce fumarate using menaquinone as mediator. The catalysis of the reverse reaction (oxidation of succinate), which is the natural catalytic function of SQR, is almost absent with menaquinone. However, adding the co-enzyme ubiquinone, which has a reduction potential that is about 0.2 V higher, restores the succinate oxidation activity.
Introduction
Redox proteins, which are estimated to account for a quarter of all proteins [1] , perform a myriad of functions in biology. They shuttle electrons and catalyse redox reactions in many vital processes, including photosynthesis and metabolism. Dynamic electrochemical techniques have proven to be powerful tools to study these proteins. The thermodynamics and kinetics can be studied in detail if they are electrochemically connected or 'wired' to the electrode surface [2] . Furthermore, these hybrid organic-inorganic systems form the basis for the development of biosensors and bio-fuel cells [3, 4] . The main challenge is to adsorb proteins in their native state on the electrode while efficiently exchanging electrons. To this purpose considerable effort has been dedicated to designing electrode surfaces that bind proteins (a) by electrostatic or hydrophobic/hydrophylic type interactions, (b) by selective (e.g. antibody) interactions and (c) by covalent bonds, either directly or via a co-factors of the target protein [3, 5] . In some cases the proteins themselves have been (re)designed [6, 1] . chloroplast or plasma [7] membranes. However, because membrane proteins are more difficult to manipulate experimentally than globular proteins, less work has been reported on the electrochemistry of these proteins [8, 9, 10, 11, 12, 13, 14, 15, 16, 17] . One of the foregoing successful strategies is to reconstitute purified and detergent-solubilised proteins in a biomimicking membrane on the surface [12, 13, 14, 15, 16, 17] . In some of these cases, direct electron transfer between the electrode and the membrane protein is achieved [12, 13, 14] , but more often mediators need to be used. For instance, Kinnear and Monbouquette have used membrane-bound ubiquinone-6 (UQ-6) as a mediator between the electrode and fructose hydrogenase [16] . Marchal et al. mediated electrons to the peripheral membrane protein pyruvate oxidase using its physiological co-enzyme, UQ-8 [17] .
Here, we report a novel approach in which a total membrane extract is used, with no other purification step than separating the membrane fraction from the cytoplasm. Membrane extracts of Bacillus subtilis, still containing all proteins and co-enzymes, are specifically bound to a gold electrode using cholesterol 'tethers' which are separated from the Au-thiol bond via a ethyleneoxy chain (EO3, Figure 1 ). These cholesterol tethers were initially designed, and successfully used, to prepare supported lipid bilayers [18, 19, 20, 21, 22, 23, 24] , which are formed by self assembly of lipid vesicles. To form a lipid bilayer instead of a hybrid layer (a monolayer of phospholipids on top of a monolayer of cholesterol) the cholesterol tethers have been mixed with small spacer molecules (e.g., 2-mercaptoethenol or 6-mercaptohexanol), which allow phospholipids to enter both leaflets of the bilayer ( Figure  1 ) [18, 19, 20, 21, 22, 23, 24] .
We have used so-called inside-out vesicles of a B. subtilis strain that over-expresses the enzyme succinate:menaquinone oxidoreductase (SQR, also known as succinate dehydrogenase) [25, 26, 27, 28, 29] . B. subtilis is an aerobic Gram-positive bacterium that catalyses the oxidation of succinate (using SQR) to fumarate in the respiratory chain while reducing its co-enzyme menaquinone-7 (MQ-7). B. subtilis and some other Gram positive bacteria are exceptional in that they use menaquinone to oxidise succinate, rather than ubiquinonol (UQ) as most Gram negative bacteria and mitochondria [28, 29] . Contrary to UQ, MQ has a reduction potential that is about 0.1 V lower than that of the succinate/ fumarate couple and would therefore be expected to serve as a co-enzyme in the reverse reaction (i.e., as an electron donor for fumarate reduction).
Here, we will show that the membrane vesicles adsorb on the cholesterol modified surface, but do not rupture/fuse to form a planar lipid bilayer as has been observed for other lipid vesicles. The MQ in the adsorbed membrane vesicles can be detected electrochemically and are used as a natural electron mediator for SQR which retains it catalytic activity upon adsorption.
Materials and Methods

Materials
EO3-cholesteryl ( Figure 1 ) was made as previously described [18] . 2-Mercaptoethanol and 6-Mercaptohexanol (Sigma) were used without further purification. All solvents (2-Propanol, Methanol (MeOH) and Dichloromethanol (DCM)) were HPLC grade (Fisher) and used as received. Also Ubiquinone (Co-enzyme Q 10 ) and Menaquinone-4 (Vitamin K 2 , Sigma) were used as received. All electrochemical experiments were performed in MOPS buffer (3-(N-Morpholino)propanesulfonic acid, Sigma) adjusted to pH 7.4 with NaOH at 20°C. Control experiments were carried out using vesicles prepared from Egg derived Phosphatidyl Choline (Egg PC) and E. coli derived total lipid extract ('polar') both from Avanti. Vesicles were prepared by extrusion through 50 or 100 nm Track-Edge nuclepore membrane (Avanti) using standard procedures.
Electrodes 150 nm Gold (Advent, 99.99% ) was evaporated through a mask on a 10 nm chromium adhesion layer on cleaned glass microscope slides (Deconex, sonication, methanol) with an Edwards Auto 306 evaporator at < 2×10 −6 bar. The mask consisted of a circular 'electrode' area (∅ = 5 mm) with a 1 mm link for connection to the electrochemical equipment. The total area (circular + link) in contact with the electrolyte solutions is 0.25 ± 0.02 cm 2 . After evaporation the electrodes were stored until used. Before usage the slides were sonicated in DCM, rinsed with MeOH and dried under N 2 . Self-assembled monolayers (SAMs) were made by incubating the electrode slides for ~ 16 hours in a 2-proponal solution of pure -or mixtures of -EO3-cholesteryl, 2-mercaptoethanol and 6-mercaptohexanol (total thiol concentration 1 mM). The gold slides were thoroughly rinsed with DCM and MeOH, dried with N 2 and used within a day. When mixtures of thiols were used, the ratio of the different thiols on the surface was checked for each electrode with impedance spectroscopy, assuming that the capacitance of a mixed SAM is equal to the summed capacitance of the pure SAMs times the area occupied. This assumption was checked and found to be correct with contact angle measurements. For a EO3-cholesteryl:2-mercaptoethanol (30:70) distribution on the surface a (4:96) ratio in solution is used. For a EO3-cholesteryl:6-mercaptohexanol (30:70) distribution on the surface a (10:90) ratio in solution is used. No differences were found between 2-mercaptoethanol and 6-mercaptohexanol except that the latter was more robust when applying potentials < −0.3 V vs. SCE and was therefore preferred for some of the electrochemical experiments. If a slide needed to be 'pre-incubated' (see Results) with UQ or MQ they were incubated either (a) for 4 min. in 10 μg/ml chloroform or (b) for 15 min. in 0.1 mg/ml in chloroform/methanol (10:90). (a) gave typically a coverage between 40 and 60 pmol·cm −2 for MQ and somewhat lower for UQ. (b) gave typically 10 times higher coverage.
Inside-out vesicles from B. subtilis
A B. subtilis strain over-expressing SQR (3G18/pBSD1200) was grown as described [25] .
Inside-out vesicles were prepared with a French press (18000 lb·in −2 ) and further purified with a succrose gradient as described. [30] The yield was determined by weighing the 'wet' pellet after the last centrifugation step. This weight was used for all consequent steps. The concentration of SQR in the membrane vesicles was estimated by an DCPIP/PMS enzyme assay described in [25] using the therein reported activity of 116 s −1 .
Membrane vesicles (0.5 mg/ml) were adsorbed on the surface for 1 hour in 20 mM MOPS, pH 7.4, 30 mM Na 2 SO 4 . With SPR and electrochemistry it was shown that most of the adsorption was completed after one hour. The vesicle solution was then replaced with fresh buffer. SPR results indicated that vesicles did not desorb after removing the the membrane vesicles from the solution.
AFM and SPR
For the AFM and force curve experiments, template stripped gold (TSG) surfaces were prepared by evaporating 150 nm gold on silicon wafers. The gold surface was then glued with EPO-TEK 377 to glass and cured for 120 min at 120° C. After cooling, the slides were detached from the silicon wafers to expose the TSG surface, which was directly immersed in the thiol solution (described in the 'electrode' section) for one hour. Further treatments were indentical to those described in the section 'electrodes'. AFM height images and force curves were recorded under fluid (buffer) at 25° C using a Multimode AFM on a Nanoscope SPR experiments were performed on prisms evaporated with 50 nm gold as described previously [19] and the results were fit by a Levenberg-Marquardt procedure [31, 32] .
Electrochemistry
The thermostatted electrochemical cell was of all-glass construction, with the main compartment housing the gold working electrode (glass microscope slide), platinum wire counter electrode and the saturated calomel reference electrode (SCE, Radiometer). All potentials are quoted versus SCE. The cell was enclosed in a Faraday cage to minimize electrical noise and purged with Argon to remove oxygen.
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were recorded using an Autolab electrochemical analyzer (Eco-chemie, Utrecht, The Netherlands) equipped with PGSTAT30 potentiostat and FRA2 frequency analyser. CV data were recorded in the analogue mode with a fast analogue scan generator (SCANGEN). To create 'baseline subtracted peaks', the voltammograms were Fourier-filtered to remove remaining noise, then the background (non-Faradaic) current was subtracted using a program (developed by Dr. H.A. Heering and Dr C. Léger) which fits a cubic spline function [33] to the baseline in regions sufficiently far from the peak, and extrapolates it throughout the peak region.
Results Figure 2 shows the AFM height images of cholesterol modified surfaces before and afer incubation with a total membrane extract (membrane vesicles) of B. subtilis, which have been prepared with French Press. The AFM image immediately suggests that most or all membrane vesicles remain intact when adsorbed on the surface. The height of the vesicles is less than 90 nm with the majority 25 -35 nm high. The diameter ranges from 50 -150 nm (French Press treatment of EggPC produces vesicles of 26 -63 nm [34] ), suggesting membrane vesicles are 'flatttened' upon adsorption, or alternatively are being compressed due to force applied by the tapping AFM probe.
To investigate whether a supported or planar lipid bilayer was present underneath the vesicles we performed a series of force measurements ( Figure 3 ). After incubation with membrane vesicles two distinct type of force curves were observed (Figure 3b-3d) . Individual force curves were extracted from a force map acquired in the same area as the higher resolution tapping mode image of Figure 3e (imaged prior to the force map). Figures 3c and 3d are typical of force curves on the smallest and largest vesicles, and were acquired at the positions indicated in Figure 3e . First contact with the vesicle occurred between 20 and 70 nm above the gold surface, depending upon vesicle size, after which the vesicle is steadily compressed. In many cases the bilayer is pierced by the AFM tip when the vesicle was compressed to 1-2 nN, and this tip breakthrough event is indicated by an arrow in the force-distance curves. High-resolution height images of the vesicles before and after the force measurements indicate that this breakthrough event is associated with vesicle collapse. Piercing of the larger vesicles is not followed by an immediate snap to the surface, it occurs 10-15 nm above the surface, and is followed by a more gradual deflating, presumably as the fluid within the vesicle is squeezed out. Membranes remaining of the larger vesicles form doughnuts, or toroidal shapes, where water remains trapped in the outer ring (Figure 3f) . Force curves or areas without vesicles never showed the typical force signal obtained when piercing a bilayer [35] , confirming that no planar bilayer is present underneath the vesicles ( Figure 3b ). This force response, however, is distinctly different from those obtained on the mixed SAM/EO3 treated surface (Figure 3a ). This is most likely due to a combination of factors, such as proteins and lipids that might absorb to the Si 3 N 4 tip. Figure 4 shows the electrochemical impedance (EIS) results. As a control, surfaces were incubated with vesicles prepared from a lipid extract (i.e., free of proteins) from E. coli with and without the fusagen, Ca(II). Without Ca(II) the vesicles adsorb on the surface, but do not fuse to form an ion blocking bilayer, which results in a small descrease in capacitance [ Figure 4 (left). In Cole-Cole plots the capacitance is equal to the diameter of the half circle.]. However, when calcium ions are present, the vesicles fuse and a planar bilayer is formed, indicated by a large drop in capacitance. Typical values determined from fitting the results after bilayer formation are: capacitance 0.6 -0.8 μF · cm −2 and resistance ≥ 10 kΩ·cm 2 . [36] . Figure 4 (right) shows the results obtained with the membrane vesicles from B. subtilis and confirms that these vesicles remain intact on the surface. Addition of up to 100 mM calcium ions or 30% poly(ethyleneglycol) (PEG) did not change the impedance significantly. Finally, also results from Surface Plasmon Resonance (SPR) experiments are consistent with the membrane vesicles adsorbing intact, since the measured thickness is higher than that of a single phospholipid bilayer (on a 30% EO3-cholesterol surface the vesicles give rise to a 62 ± 2 Å thick layer instead of ~ 40 Å as expected for a planar bilayer [19] ).
Figure 5 (left) shows cyclic voltammograms (CV) of adsorbed membrane vesicles at different temperatures. One set of signals is visible, although the reducing peak is partly obscured by a downward slope at low potentials which signifies the onset of the reductive deadsorption of the self-assembled thiol monolayer. [38] Based on the resemblance of these signals with that of menaquinol-4 (MQ-4, see below) and other quinones [39] they are assigned to menaquinol-7 (MQ-7), the natural co-enzyme of B. subtilis. The normalised peak areas are indepedent of scan rate (except at low temperature, see below), confirming the MQ-7 is adsorbed on the surface in a thin film. From the areas under the peaks, the coverage of MQ-7 is determined to be (Γ = peakarea ÷ nFAν) 1 -2 pmol·cm −2 . Figure 5 (right) shows the peak positions as a function of scan rate. The increasing peak separation at higher scan rates indicates that the electron transfer is kinetically controlled [40, 37] . The kinetic control is partly due to the high co-operativity of the two-electron reaction of the quinones, which is described in more detail for other quinones by Marchal et al. [39] (|ΔE 0 | 0.6 V at pH 7.4). The electron transfer kinetics might be further decreased by diffusion of MQ-7 through the vesicle membrane. This suggestion is supported by the observed decrease in electron-transfer rate at lower temperature (i.e., larger peak splitting, Figure 5) . Futhermore, at 5° C the normalised peak areas (especially of the oxidation peak) start to diminish at scan rates above 100 mV s −1 , which could be due to quinone diffusion becoming rate limiting. The MQ-7 signals are stable up to at least 40° C, although at these temperatures an additional small signal appears at around −350 mV vs SCE. The origin of this signal is unknown, but it could be an artefact due to protein denaturation (e.g. free Feporphyrins).
When fumarate is added to the cell solution, the fumarate is reduced by MQ-7 as shown by: (a) disappearance of the MQ-7 oxidation peak (MQ-7 is oxidised by fumarate instead) and (b) a reductive current at low potentials. Control experiments using adsorbed MQ-4, with or without egg PC lipids, do not show an effect upon adding fumarate, indicating that fumarate is enzymatically reduced by succinate-menaquinone oxidoreducase (SQR). The electrocatalytic activity of SQR is significantly enhanced when additional MQ is provided, which is done by pre-incubating the gold surface with a dilute MQ-4 solution. The resulting MQ-4 signals are larger than the natural occuring MQ-7 signals, but located at approximately the same potentials. Figure 6 shows the catalytic signals obtained with these electrodes and saturating concentrations of fumarate (Left) and succinate (Right) [41] . As is clear from Figure 6 , the catalytic activity of SQR differs greatly between fumarate reduction and succinate oxidation, the latter being about 20 times lower. As mentioned in the Introduction and in line with these results, the reduction potential of MQ is lower than that of the succinate/fumarate couple, making it an unfavourable electron receptor for succinate oxidation. When MQ-4 is replaced with ubiquinone-10 (UQ-10), which has a higher reduction potential, significant succinate oxidation by SQR is observed (Figure 7 ).
Finally, Figure 8 illustrates the effects of EO3-cholesteryl which is used to tether the membrane vesicles to the electrode surface (note that vesicles will also adsorb on hydrophilic surfaces without EO3-cholesteryl tethers). When no EO3-cholesteryl is present on the surface -or only a small amount -not all the quinone interacts with the membrane vesicles. To illustrate this we have prepared electrodes with a relatively high UQ coverage for which the addition of succinate does not completely remove the UQ reduction peak for surfaces with < 10 % EO3 cholesterol (Figure 8 ). This indicates that a fraction of the UQ that is adsorbed on the surface does not exchange electrons with SQR within the timespan of the experiment. Contrary, when about 30% of the surface is occupied by EO3-cholesteryl the reduction peak of UQ disappears completely. When even higher ratios of EO3-cholesteryl are used the electron transfer kinetics reduce significantly which results in an increased peak separation. As a result, no UQ signals are visible within the potential window when the surface is fully occupied by EO3-cholesteryl ( Figure 8 ). This shows that EO3-cholesteryl promotes the electrochemical communication between the quinones adsorbed on the surface and the SQR within the membrane vesicles. EO3-cholestryl also influences the amount of natural MQ-7 detected electrochemically after adsorption of the membrane vesicles (i.e., when no MQ or UQ is pre-adsorbed on the surface). Maximum electroactive coverage of MQ-7 from membrane vesicles is achieved at 10 -30% EO3-cholesteryl. This effect is not due to differences in the amount of adsorbed membrane vesicles. To the contrary, SPR results indicates that more vesicles adsorb at a surface without EO3-cholesteryl. Combining these results, the optimal amount of EO3-cholesteryl on the surface is ~30%, which is the ratio used for most of the experiments described here.
Discussion
EO3-cholesteryl and other lipid derivatives have been developed to aid the formation of stable supported planar bilayers on gold. [18, 19, 20, 21, 22, 23, 24] In contrast, our AFM, SPR and EIS results all indicate that the inside-out vesicles of B. subtilis do not fuse on the surface to form a planar bilayer. [23] Table 1 gives the lipid composition of B. subtilis and E. coli membranes, which both contain a net negative charge. Most work on planar bilayers has been done with zwitterionic lipids (e.g. phosphotidylcholate), but the vesicles from 'polar' E. coli lipid extracts as well as B. subtilis membrane vesicles are negatively charged. For vesicles prepared from E. coli lipid extracts, the fusagen Ca(II) is able to counteract the negative charge and promote planar bilayer formation. [42] Contrary, in the case of B. subtilis membrane vesicles, addition of Ca(II) up to 100 mM does not promote planar bilayer formation. Still, B. subtilis membranes are significantly more negatively charged (Table 1) The enzymes located in the membrane vesicles remain active upon adsorption onto the surface. Here, we have used SQR as an probe for enzyme activity in the membrane vesicles, which were harvested from a strain that over-expresses SQR. It was determined that 0.1 -1.0% of the 'wet weight' of the membrane vesicles consisted out of SQR (see Materials and Methods). Lemma et al. previously determined the succinate oxidation kinetics of SQR in reconstituted proteoliposomes and found that SQR was 5 times more active with UQ as coenzyme than MQ. [27] Similar results were obtained here and corroborate the previous suggestions that the reduction potential of natural co-enzyme MQ-7 (~−74 mV vs SCE) is too low to act as a efficient electron donor for succinate oxidation (E 0 ' ~ 30 mV vs. SCE) [26, 28] . It has been suggested that B. subtilis uses the transmembrane electrical and proton gradients to supply additional energy to reduce MQ (at the outer leaflet of the membrane bilayer) concurrent succinate oxidation (at the inside of the membrane) [26, 27, 29, 28, 46] . Of course, the electrical and proton gradients are lost in the preparation of the membrane vesicles used for the electrochemical experiments described here. We are currently investigating the influence of artificially induced gradients on the catalytic activity of SQR.
Finally, the fact that almost no succinate oxidation is detected unless UQ is added to the membrane vesicles indicates that UQ (or MQ) is an obligatory electron mediator between the electrode and SQR. This is not surprising given the fact that in the adsorbed inside-out membrane vesicles, the large soluble domains of SQR will mostly be located on the outside of the vesicles blocking a direct electron-transfer route from the electrode to SQR [47] . The succinate oxidation activity of SQR in membrane vesicles containing UQ has been determined at k = 15 s −1 at 37° C [27] . Assuming this activity is maintained in the vesicles adsorbed on the electrode, the SQR coverage can be estimated from the current measured at high overpotential (during which SQR has maximum turn-over, see Figure 6 ) and is in the order of (Γ = 200nA ÷ (nF Ak) =) 0.3 pmol·cm −2 . This value corresponds to estimates based on the vesicle coverage (see note [48] ). This means that it cannot be excluded that part of the total electrochemical signal in Figure 5 (Γ = 1 -2 pmol·cm −2 ) might actually be due to to indirect electron transfer to SQR, especially considering the fact that SQR can take up 7 electrons (compared to 2 for menaquinone). Note that the interfacial electron transfer to MQ-7 is kinetically controlled and, therefore, consequent electron exchange of MQ-7 to membrane proteins has only a marginal effect on the actual peak positions.
Some electrochemical systems have been reported in which a film of a detergent-solubilised membrane proteins is created on a electrode without the need of a biomimicking membrane on the surface or detergents in the electrolyte solution [8, 9, 10] . Regretfully, no data is available on the orientation of these membrane protein on the electrode or how the membrane spanning domains are accommodated without detergents in solution (or, alternatively, whether detergents are co-adsorbed with the membrane proteins) and it remains unclear why these systems are successful for some proteins and not for others. In contrast, Haas et al. performed a thorough characterisation of different protein films of cytochrome c oxidase (using detergents in solution), which provides insights into how a successful membrane-protein electrode cn be designed [11] . Although these systems are potentially very powerful, they need to be optimised for each membrane protein and some (or even many) proteins might not be able to interact with electrodes at all. Furthermore, these systems miss the natural membrane, which is an important and intergral part of the function of a membrane protein.
To solve these problems, surface-attached biomimicking systems have been designed [12, 13, 14, 15, 16, 17] and we have elaborated on this work by adsorbing intact membrane vesicles on the surface.
Adsorbing membrane proteins on electrode surfaces via intact vesicles has several advantages over biomimicking membrane systems reported previously. Systems based on hybrid bilayers can only be used for membrane proteins that are peripheral bound [15, 17] , because the lower leaflet of the bilayer is bound tightly to the surface and cannot accommodate transmembrane proteins. This problem can be solved by modifying surfaces only partly with long hydrophobic molecules, leaving gaps for the membrane proteins to adsorb [16, 14, 13] . However, these systems are still not ideal in that they do not have a hydrophylic space between the biomimicking membrane and the electrode surface to accommodate extramembranous domains. Using intact vesicles as described here, in principle any membrane protein can be used, with a very similar membrane environment to that in vivo. A second major advantage is that no protein purification and reconstitution is necessary (although this can still be done if required). In principle any crude membrane extracts can be used as long as the electrochemistry is sensitive enough to detect the catalytic activity. The only requirement is that the catalytic reaction is (directly or indirectly) linked to the quinone pool, which serves as an obligatory electron mediator.
Conclusion
We have shown that vesicles prepared from total membrane extracts of B. subtilis can be tethered onto cholesterol modified surfaces and, unlike vesicles prepared from pure phospholipids, do not form planar lipid bilayers. The redox-active membrane proteins in the tethered vesicles remain active and can be studied electrochemically using the native and non-native co-enzymes as mediators. Because the vesicles remain intact, it is in principle possible to use standard biochemical tools to generate electrical and proton gradients across the membrane and study their effects on enzyme activity. We are currently extending our research to explore this. In conclusion, these modified surfaces allow the study of bacterial membrane proteins in their native membranes and because the preparation of bacterial membrane vesicles is relatively simple (no protein purification and reconstitution is required) this method can easily be extended to other organisms. Chemical structures of (from left to right) 2-mercaptoethanol (spacer), 6-mercaptohexanol (spacer) and the cholesterol tether molecule (OE3-Cholesteryl). On the right is a graphical representation of a supported lipid bilayer on mixed self-assembled monolayer of EO3-cholesteryl and 2-mercaptoethanol. Europe PMC Funders Author Manuscripts CVs (1 mV/s) of a gold electrode modified with EO3-cholesteryl:6-mercaptohexanol in ratios given, preincubated for 15 min. in 0.1 mg/ml UQ in chloroform:methanol (10:90) with adsorbed membrane vesicles, without (left) and with (right) 10 mM succinate. UQ coverage (for 10 and 40% EO3-Cholesterol) is ~150 pmol·cm −2 . 
